カムランドでの7Be太陽ニュートリノ観測 by Takemoto  Yasuhiro
Observation of 7Be Solar Neutrinos with
KamLAND





Observation of 7Be Solar Neutrinos
with KamLAND





2. The Standard Solar Model and Neutrinos 3
2.1. The Standard Solar Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.1. Brief Theory of Stellar Evolution . . . . . . . . . . . . . . . . . . . 3
2.1.2. Standard Solar Model . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.3. The New Solar Problem . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2. Neutrino Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.1. Neutrino . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.2. Neutrino Mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.3. Neutrino Oscillation in Vacuum . . . . . . . . . . . . . . . . . . . . 15
2.2.4. Neutrino Oscillation in Matter . . . . . . . . . . . . . . . . . . . . 16
2.2.5. Neutrino Oscillation Parameters . . . . . . . . . . . . . . . . . . . 21
2.3. Neutrino Detection by Neutrino-Electron Elastic Scattering . . . . . . . . 21
2.3.1. Neutrino-Electron Elastic Scattering . . . . . . . . . . . . . . . . . 21
2.3.2. Cross Section of Neutrino-Electron Elastic Scattering . . . . . . . 21
2.3.3. Radiative Correction on Cross Section . . . . . . . . . . . . . . . . 22
2.3.4. Neutrino Experiments . . . . . . . . . . . . . . . . . . . . . . . . . 23
3. The Detector 29
3.1. Detection Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.1.1. Detection of Anti-neutrinos . . . . . . . . . . . . . . . . . . . . . . 29
3.1.2. Detection of Neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2. KamLAND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.1. Detector Components . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.2. Liquid scintillator . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.3. Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.4. Calibration Equipment . . . . . . . . . . . . . . . . . . . . . . . . . 40
4. Event Reconstruction and
Detecter Calibration 43
4.1. Waveform Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.1.1. Pedestal Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.1.2. Baseline Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.1.3. Waveform Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1.4. Sampling Interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
i
4.2. SPE Gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2.1. 17 inch PMT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2.2. 20 inch PMT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.3. TQ Map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3.1. Laser calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3.2. BLR extension correction . . . . . . . . . . . . . . . . . . . . . . . 49
4.3.3. Time Dependence correction . . . . . . . . . . . . . . . . . . . . . 50
4.4. Bad Channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.5. Dark Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.6. Muon Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.6.1. Selection Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.6.2. Algorithm for muon track reconstruction . . . . . . . . . . . . . . . 57
4.6.3. Tracking performance . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.7. Vertex reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.7.1. algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.7.2. Reconstruction Quality . . . . . . . . . . . . . . . . . . . . . . . . 62
4.8. Energy Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.8.1. pre-corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.8.2. algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.8.3. Reconstruction Quality . . . . . . . . . . . . . . . . . . . . . . . . 67
4.8.4. Energy Scale Uncertainty . . . . . . . . . . . . . . . . . . . . . . . 69
5. Event Selection 76
5.1. Primary Data Set . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.1.1. KamLAND 7Be Solar Neutrino Phase . . . . . . . . . . . . . . . . 76
5.2. Bad Event Rejection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.2.1. Flasher event . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.2.2. Missing waveform event . . . . . . . . . . . . . . . . . . . . . . . . 77
5.2.3. Post 1PPS trigger event . . . . . . . . . . . . . . . . . . . . . . . . 77
5.2.4. Post high charge event . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.2.5. Post deadtime event . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2.6. Close event . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2.7. Poorly reconstructed event . . . . . . . . . . . . . . . . . . . . . . 82
5.3. Livetime and Analysis Period . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.1. Runtime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.2. Deadtime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3.3. Vetotime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.3.4. Livetime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.3.5. Livetime of Prescale trigger events . . . . . . . . . . . . . . . . . . 88
5.3.6. Summary of Livetime . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.3.7. Run Selection for Analysis . . . . . . . . . . . . . . . . . . . . . . . 88
5.4. Fiducial Volume Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.4.1. Radius Volume Selection . . . . . . . . . . . . . . . . . . . . . . . . 90
5.4.2. Volume Classification . . . . . . . . . . . . . . . . . . . . . . . . . 92
ii
5.5. Number of Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.6. Total Detector Related Uncertainty . . . . . . . . . . . . . . . . . . . . . . 97
6. Background 99
6.1. Background Study for Single Events . . . . . . . . . . . . . . . . . . . . . 99
6.2. Radioactive Impurities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2.1. 238U Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2.2. 232Th Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.2.3. 210Bi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.2.4. 40K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.2.5. Noble gas 85Kr and 39Ar . . . . . . . . . . . . . . . . . . . . . . . . 113
6.3. Spallation Products Induced by Cosmic-Ray Muons . . . . . . . . . . . . 115
6.3.1. Event Rate of Spallation Products . . . . . . . . . . . . . . . . . . 115
6.3.2. 7Be (electron capture !) . . . . . . . . . . . . . . . . . . . . . . . . 115
6.4. PileUp events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.5. External background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
7. 7Be Solar Neutrino Analysis 123
7.1. Spectral Fit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.1.1. Fit Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.1.2. Best Fit Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.1.3. Energy Scale Nonlinearity . . . . . . . . . . . . . . . . . . . . . . . 133
7.1.4. Volume Correction Factor . . . . . . . . . . . . . . . . . . . . . . . 133
7.1.5. Background Summary . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.1.6. 210Bi Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.1.7. Stability of the Fit . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
7.2. Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
7.3. Discussion on Flux of 7Be Solar Neutrinos . . . . . . . . . . . . . . . . . . 139
7.3.1. Interpretation of the Event Rate to the Flux . . . . . . . . . . . . 139
7.3.2. Null Hypothesis of 7Be Solar Neutrinos . . . . . . . . . . . . . . . 139
7.3.3. Existence of Monochromatic Energy Neutrino . . . . . . . . . . . . 140
7.3.4. Survival Probability of 862 keV Electron Neutrinos . . . . . . . . . 141
7.3.5. Comparison with the SSM prediction and Borexino Result . . . . . 142
8. Conclusion 144
A. 210Bi spectrum 145
A.1. " decay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
A.2. Fermi Function in KBeta . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
A.3. Fermi Function in Experiments . . . . . . . . . . . . . . . . . . . . . . . . 147
A.3.1. Daniel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
A.3.2. Carles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
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Solar Neutrinos
Neutrinos were first theoretically predicted by Pauli and Fermi in 1930’s under the
consideration of the preservation raw in a ! decay. It took long time for the first neutrino
detection which was done in 1956 using reactor anti-neutrinos. In 1960’s, observation of
solar neutrinos was started, which are generated in fusion reaction occurring at the core of
the sun, originally as pure electron neutrinos. Observations of the solar neutrinos found
that the measured fluxes were only one third to half of the expected flux, which is called
the solar neutrino problem. The prediction has been yield by the simulation model of
the evolution of the sun, the standard solar model (SSM), which reproduces the current
sun with some parameters of the current sun as input parameters and with equations
of state. The observation of di!erent types of solar neutrinos and the contribution of
helioseismology had indicated the di"culties on reproducing the smaller flux with SSM.
The observation of atmospheric neutrinos as well as the neutrino oscillation measurement
with reactor anti-neutrinos had indicated that the flux decrease could be explained with
the neutrino oscillation, in which a flavored neutrino is detected as a di!erently flavored
neutrino while it is flying. Finally SNO experiment confirmed that the total number of
di!erently flavored neutrinos conserves and that it is consistent to the SSM prediction,
then the problem is solved. Nowadays, the neutrino oscillation is understood as the
large angle neutrino mixing among the three generation a!ected by electron density;
MSW-LMA oscillation.
The simulation model of the sun, SSM itself has been continuously updated as input
parameters or models is updated. Among the four input parameters of the current sun,
in comparison to the radius, the mass and the luminosity, the surface chemical abun-
dance is only the parameter which can be largely variated, since the evaluation of the
abundance is based on the re-evaluation of the surface spectral lines by the solar atmo-
sphere contribution, which is highly model dependent and is still being developed. In
2009, the update of the abundance, AGSS09 was reported with introducing the 3D solar
atmosphere model and the NLTE e!ect. This was the major update since the model in
1998, GS98. The newer model succeeded to reproduce the solar surface structure, gran-
ulation, while it introduced the lower core temperature and the lower metallicity. The
di!erence induced inconsistency on the solar inner structure between helioseismology and
SSM, or on isochronous curve on HR diagram between the actual distribution of an open
cluster, M67, which is considered to have the same age as the sun, and the theoretical
curve evaluated with the age and the metallicity. Since the lower core temperature and
the lower metallicity directly reduces the metal-oriented solar neutrinos, observation of
the solar neutrinos could distinguish the surface abundance models. Although a higher
energy solar neutrino, 8B solar neutrino has been used widely for solar neutrino obser-
vation, it has not discriminated the models. Thus the contribution of other neutrinos
with much higher flux is important. 7Be solar neutrinos have 103 of larger flux but due
to the lower energy, observation had been di"cult. Borexino experiment first started
observation of the 7Be solar neutrinos with their low-background liquid scintillator, but
still it has not discriminated the models even with the global analysis including 8B solar




The detector KamLAND holds 1000 ton pure liquid scintillator (LS) for the detection
target against solar neutrinos. Solar neutrinos scatter electrons inside the LS and the
electrons excites the medium of LS and photons are yielded. The reaction is sensitive to
lower energy events and is suitable for 7Be solar neutrino observation. The LS is included
in the 6.5 m radius 135 um thick low-background balloon. The photons emitted from
the LS go through the balloon and the bu!er oil, which surrounds the balloon, then
are observed by 1879 photo multipliers settled at the inner surface of the 9 m radius
stainless steel shell (SSS). Since the detector is located 1000 m beneath the mount top
of Ikeno-yama, Gifu, Japan, cosmic muons, which induce large amount of background
in the detector are suppressed 10!5 of the ground level. The residual cosmic muons are
detected by the outer water Cherenkov detector consists of 3200 ton of pure water. The
outer detector works as shield against external ! ray from the surrounding rocks, as well
as the bu!er oil against it from the SSS.
Since a neutrino signal forms only one signal inside the detector, any uncorrelated
signals could be significant backgrounds against the neutrino observation. At 7Be solar
neutrino energy range (< 0.8 MeV), there were extremely huge backgrounds, which are
! 105 of the expected 7Be solar neutrino event rate. The backgrounds mainly consists of
210Bi and 210Po, which are daughter nuclei of 226Ra in 238U decay chain, a metal element
40K and most of all, noble gas 85Kr. In order to e!ectively remove these backgrounds,
LS distillation followed by N2 purge was done from 2007 to 2009. Significant background
reduction was achieved with LS purification of 4 times of KamLAND volume, the back-
ground rate at the center of the detector was a few times of the expected 7Be solar
neutrino event rate.
During the 7Be solar neutrino observation period, in order to confirm the energy and
position reconstruction stability, detector z-axis calibrations were performed periodically
and full volume calibration was performed at the end of the period. In order to insure
the stability in wide energy range, 60Co, 68Ge, 137Cs, 85Sr, 7Be and 203Hg sources were
used. The reconstructed position resolution is 12.8 cm/
"
MeV, energy resolution is
6.9 %/
"
MeV and the position bias is smaller than 5 cm inside 4.5 m radius sphere.
Event Selection
The primary event selection for 7Be solar neutrino analysis consists electronics oriented
noise event cut and 4.5m radius cut for external ! ray reduction. The systematic uncer-
tainty given from the selection is < 0.01 % and 3.4 % respectively.
The secondary event selection only classifies volumes. The event rate at 7Be solar
neutrino energy range inside the 4.5 m radius sphere during the observation period was
highly position and time dependent. The variation of the event rate is considered that
convection of LS triggered by the destabilization of the thermal equilibrium induced 210Bi
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or the mother nuclei 210Pb near the center of the detector from near the balloon surface,
where much more of those radioactivities settled. It soon became clear that using one
specified volume with lower event rate for whole 7Be solar neutrino observation period
was unrealistic since 210Bi is the dominant background against the 7Be solar neutrinos,
and the magnitude of the convection was also time and position dependent. On the
other hand time and position dependent volume section with lower event rate reduced
the statistics and enlarged the surface area and then enlarged the volume uncertainty.
In this analysis, volume classification is performed where temporal and spatial small
slices are generated first, then the slices are classified by the event rate of surrounding
slices. This treatment eliminates selection bias. The classified small slices are merged
according to the class of the slices, called Rank. Then 7 data sets are generated and
then 7 data energy histograms are generated. These 7 histograms are used equally in
energy spectral fit for evaluation of 7Be solar neutrino rate. And the volume bias due to
the position reconstruction bias for each rank is calibrated during the fit by uniformly
distributed events such as 11C, a muon spallation product.
Background
Among intrinsic radioactive backgrounds in the LS, a part of 238U series (226Ra–210Pb)
and 232Th series are evaluated by 214Bi–214Po or 212Bi–212Po delayed coincidence respec-
tively. The other intrinsic radioactive backgrounds, such as 210Bi, 85Kr and 40K cannot
be evaluated independently and thus require evaluation by spectral fit. Among them, the
dominant background 210Bi has uncertainty on its ! decay spectrum since the decay is
the fist non-unique forbidden transition. Considering the variety of the use of the Fermi
function and of the evaluation of the correction factor of the transition among various
experiment, additional correction to a correction factor for 210Bi spectrum should be
evaluated by KamLAND data itself thus the free shape modulation parameters for the
spectrum are introduced.
Almost all event rates of spallation products induced by cosmic muons follow the
independent evaluation done in 2010 using KamLAND data. 7Be has on the other hand
much longer half-life and the amount of it induced in the LS and its component during
their production at ground level is uncertain, hence the rate of it is also evaluated by
spectral fit.
It is di!cult to evaluate external-oriented " ray backgrounds from real data since their
contribution is comparative to or less than that of internal signals. Hence full detector
MC was performed and contribution of "s from 40K, 238U series and 232Th series from
the balloon film, the balloon sustaining ropes, the PMT surface glasses, the SSS, and
the surrounding rocks are compared to the real data. Possible accidental coincidence
in an event window of such external signals and internal signals are considered and
reproduced with the MC. All these MC events are used for the spectral fit considering
the contribution for each rank data set.
In the spectral fit, energy range was determined to use (0.5 ! E < 1.4) MeV in order
to fit 40K well and to suppress the uncertainty of the MC data, the external " and its
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accidental coincidence events.
7Be solar neutrinos analysis
For 7Be solar neutrino analysis, 7 data sets from 165.4 kton-days exposure (615.9 days
livetime, 344.3 m3 fiducial volume) during 2009/Apr/07 to 2011/Jun/21 are used. Which
gives the largest statistics ever for 7Be solar neutrino observation with KamLAND. 7Be
solar neutrino rate is evaluated with maximum likelihood method on the energy spectral
fitting. The event rate and its inference to 7Be solar neutrino flux are not discussed here
since they are to be published in a review article.
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